Introduction
MKS1 is reported to have a role in basal body migration to the apical membrane, and thus, ciliogenesis (Dawe et al., 2007) . A third protein implicated in MKS, NPHP6/CEP290/MKS4/BBS14, also localizes to basal bodies, but its molecular function is unclear den Hollander et al., 2006; Leitch et al., 2008; Sayer et al., 2006; Valente et al., 2006) . RPGRIP1L (MKS5), also implicated in Joubert syndrome, is a basal body protein that interacts with the nephronophthisis-associated NPHP-4 protein; although it is not required for cilium formation, it has an important (and presumably cilium-based) role in Hedgehog signaling (Arts et al., 2007; Delous et al., 2007; Vierkotten et al., 2007) . Most recently, two other proteins, NPHP3 (Bergmann et al., 2008) , and CC2D2A (MKS6), whose function is unknown but is associated with the formation of cilia (Tallila et al., 2008) , were found to be disrupted in MKS patients.
The MKS1 protein contains no domains of recognized function. Nonetheless, it does harbor a predicted so-called 'B9' domain of undetermined function (Kyttälä et al., 2006) . Two additional highly conserved proteins containing B9 domains, referred to in mammals as B9D1 and B9D2, can also be identified. We previously reported that all three putative B9 protein orthologues in the nematode Caenorhabditis elegans (R148.1/xbx-7, K03E6.4 and Y38F2AL.2) are found solely in ciliated sensory neurons and possess X-box sequences in the upstream promoter sequences of their associated genes that are regulated by the ciliogenic transcription factor DAF-19 Efimenko et al., 2005) . These observations are consistent with comparative genomic analyses of ciliated versus non-ciliated organisms (Avidor-Reiss et al., 2004; Li et al., 2004a) , as well as the recent discovery that two of the Drosophila melanogaster B9-domain-containing genes are also X-box regulated (Laurençon et al., 2007) , collectively implicating all three proteins in ciliary function(s). This notion is also supported by the recent finding that the murine B9D2 gene is abrogated in the stumpy mutant, which is characterized by impaired ciliogenesis, cystic kidneys and hydrocephalus . Disruption of stumpy in this mouse model was further shown to be required for the proliferation and neurogenesis of astrocyte-like neural precursor (ALNP) cells, probably as a result of dramatically downregulated cilium-dependent sonic hedgehog (Shh) signaling .
In C. elegans, defects in proteins implicated in cilia structure and/or function have been associated with various sensory phenotypes (Bae and Barr, 2008; Inglis et al., 2007; Perkins et al., 1986; Scholey, 2008) . For example, abrogation of the C. elegans orthologues of two proteins associated with the transition zone/basal body and linked to nephronophthisis, NPHP-1 and NPHP-4, leads to chemosensation, male mating, and various axonemal and intraflagellar transport (IFT) defects (Jauregui and Barr, 2005; Jauregui et al., 2008; Winkelbauer et al., 2005; Wolf et al., 2005) ; disruption of BBS proteins results in partially truncated cilia as well as chemo-and thermo-sensory phenotypes (Blacque et al., 2004; Ou et al., 2005; Tan et al., 2007) . Notably, cilium-and/or basal-body-associated sensory inputs are transduced by at least one major signaling pathway in the nematode, namely the insulin-IGF-I pathway, which regulates longevity (Apfeld and Kenyon, 1999) . Hence, many basal body or cilium mutants, including nphp-1 and nphp-4, as well as strains with defects in the IFT process required for building all cilia (e.g. osm-5, che-11, ifta-2, etc.) , display increased lifespans, indicative of impaired ciliary signaling (Apfeld and Kenyon, 1999; Schafer et al., 2006; Winkelbauer et al., 2005 ).
Williams et al. (Williams et al., 2008) recently reported on the analysis of the three B9-domain-containing proteins found in C. elegans. Using GFP-tagged variants, they observed interdependent localization of the proteins to ciliary transition zones (akin to basal bodies), and as such, named the proteins encoded by Y38F2AL.2 and K03E6.4 'ciliary transition zone associated' protein-1 and protein-2 (TZA-1 and TZA-2), respectively. Disruption of any of the three respective proteins did not result in overt changes to ciliary morphology nor in any specific behavioral or sensory abnormalities, with the exception of a subtle foraging behavior phenotype. Interestingly, unlike disruption of stumpy in mammals, C. elegans transition zone positioning and ciliogenesis was only impaired by further disruption of nphp-1 or nphp-4, suggesting a genetic redundancy in the system.
In the present study, we investigated the molecular basis of Meckel syndrome by characterizing in further detail the three C. elegans and human B9-domain-containing proteins. Our phylogenetic analyses demonstrate that B9-domain-containing proteins are invariably absent from non-ciliated organisms but cooccur as a family of three different proteins with orthologues in nearly all ciliated species. We show that the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins localize to transition zones/basal bodies in a largely interdependent manner, and that the subcellular localization to basal bodies is evolutionarily conserved for the human B9 protein counterparts. Knockdown of the human MKSR1 and MKSR2 genes using RNA interference (RNAi) leads to a ciliogenesis defect, which is similar to that reported for MKS1 by Dawe et al. (Dawe et al., 2007) . By contrast, rigorous analysis of IFT or cilia ultrastructure by electron microscopy for each of the single, double and triple C. elegans mks/mksr gene mutants showed no clear defects compared with the wild-type animals. However, all double mks/mksr gene mutant combinations revealed genetic interactions between the different family members that are manifested by an increased lifespan dependent on the DAF-2 (insulin-IGF-I receptor)-DAF-16 (FOXO transcription factor) pathway. Together, our data reveal that a highly conserved family of three proteins functionally interact at basal bodies or cilia to support ciliogenesis in human cells and a cilium-associated signaling process in C. elegans. Based on our present study, we propose a unified nomenclature that captures the evolutionary and functional relatedness of the three proteins, namely Meckel syndrome 1 (MKS-1) and MKS1-related proteins 1 and 2 (MKSR-1 and MKSR-2).
Results

An evolutionarily conserved family of B9-domain-containing proteins in ciliated organisms
The identification of C. elegans xbx-7/R148.1, K03E6.4 and Y38F2AL.2 as genes expressed exclusively in ciliated cells initially provided evidence that they might encode proteins with important ciliary functions Efimenko et al., 2005) . Moreover, the presence of a single B9 domain of unknown function in each of these three proteins hinted at the potential significance of this protein motif, a notion that was strongly reinforced following the cloning of the Meckel-syndrome-associated MKS1 gene, the human orthologue of xbx-7/R148.1 (Kyttälä et al., 2006) . On this basis, we conducted comprehensive searches of sequence databases to identify all possible proteins harboring the B9 domain. Without exception, we failed to find B9-domain-containing proteins in prokaryotes or in eukaryotes lacking cilia, such as Saccharomyces cerevisiae, Dictyostelium discoideum and Arabidopsis thaliana (supplementary material Table S1 ). In the vast majority of fully sequenced ciliated organisms queried (21 in total), however, we uncovered three different proteins containing a single B9 domain. The only exceptions were the moss Physcomitrella patens, the parasitic species Giardia lamblia and the apicomplexan Plasmodium falciparum, which have no recognizable B9-domain-containing proteins, and the free-living Tetrahymena thermophila, Paramecium tetraurelia and Chlamydomonas reinhardtii, which contain a fourth family member that probably arose from an independent gene duplication (supplementary material Table S1 ).
Using amino acid sequence alignments of B9 domains obtained from a comprehensive list of species chosen to represent the major eukaryotic groupings outlined previously , we derived phylogenetic trees of B9-domain-containing proteins. The neighbour-joining algorithm of ClustalW and the Bayesian phylogeny inference program MrBayes (Huelsenbeck Fig. 1 . Phylogenetic analysis showing that B9-domain-containing proteins from ciliated organisms belong to a family of proteins consisting of three clades or family members, namely Meckel Syndrome 1 protein (MKS-1), MKS-1-related protein 1 (MKSR-1) and MKS-1-related protein 2 (MKSR-2), and sequence comparisons of different B9 domains. (A) Phylogenetic tree of B9-domain-containing proteins from several diverse ciliated eukaryotes. Support for nodes (posterior probabilities) are indicated by blue (1.0), green (>0.9) or red (>0.8) circles. The MKS-1, MKSR-1 and MKSR-2 protein families are shown in blue, green and red, respectively. Scale bar denotes 0.1 substitutions per site. Bd, Batrachochytrium dendrobatidis; Ce, Caenorhabditis elegans; Cb, Caenorhabditis briggsae; Cr, Chlamydomonas reinhardtii; Dm, Drosophila melanogaster; Dr, Danio rerio; Hs, Homo sapiens; Mm, Mus musculus; Sp, Strongylocentrotus purpuratus; Tb, Trypanosoma brucei; Thaps, Thalassiosira pseudonana; Xl, Xenopus laevis. Supplementary material Table S1 provides the full listing of proteins (with accession numbers) considered in the analysis. (B) Multiple amino acid sequence alignment of 22 B9 protein domains from eight different species. MKS-1, MKSR-1 and MKSR-2 protein sequence names are colored blue, green and red, respectively. Dark blue highlights signify sequences that match the consensus sequence. Light blue sequences do not match the consensus sequence, but have a positive Blosum62 score. Conservation values for each residue are calculated based on identities and conserved physicochemical properties between different amino acid residues in each column. Quality is a measurement of the likelihood of mutations in each column; lower quality signifies greater likelihood of mutations, if any, present between sequences. Species abbreviations are as above except for Tt, Tetrahymena thermophila.
and Ronquist, 2001) were used independently on the protein alignments to generate the trees. Each method produced essentially identical phylogenies that group the sequences into three clades, which we named MKS-1, MKSR-1 and MKSR-2 (the Bayesian tree is shown in Fig. 1A ). These analyses demonstrate that proteins containing B9 domains are evolutionarily ancient; specifically, the diversity of organisms represented in each clade shown in the tree suggests that the gene duplications that led to the three clades preceded the speciation events resulting in the emergence of major eukaryotic lineages, the last common ancestor of which is inferred to be ciliated (Richards and Cavalier-Smith, 2005) .
We found that although the MKSR-1 and MKSR-2 family members typically consist of little more than the B9 domain, members of the MKS-1 clade were larger in size, with poorly conserved regions outside of the B9 domain that sometimes contain other domains (for example, in the Drosophila and Chlamydomonas MKS-1 proteins). These observations suggest that the B9 domain is critically important for the function(s) of the proteins. An amino acid sequence alignment of 22 B9 domains from MKS-1, MKSR-1 and MKSR-2 proteins across six different species, shown in Fig.  1B , reveals sequence conservation throughout the ~115 residue domain, where some residues are invariant in >90% of the sequences.
All three B9-domain-containing proteins localize to basal bodies and/or cilia Three human proteins associated to date with Meckel syndrome (MKS1, CEP290/NPHP6/MKS4 and RPGRIP1L) localize to the basal body at the base of the cilium, and a fourth, MKS3/Meckelin, is distributed along the length of the cilium (Arts et al., 2007; Dawe et al., 2007; Delous et al., 2007; Keller et al., 2005; Sayer et al., 2006; Valente et al., 2006; Vierkotten et al., 2007) . These findings, which are consistent with MKS being a ciliopathy, led us to examine the subcellular localization of all three human B9-domain-containing proteins in a ciliated mouse cell line (IMCD3) derived from the inner medullary collecting duct of the kidney. We confirmed the localization Journal of Cell Science 122 (5) of a transiently-expressed, V5-epitope-tagged version of MKS1 to the basal body in ciliated cells ( Fig. 2A, top panels) , and to centrosomes in non-ciliated IMCD3 cells (supplementary material Fig. S1 ) by co-staining with γ-tubulin (a centriolar marker) alone or in combination with acetylated α-tubulin (a ciliary marker). The previously uncharacterized human MKSR1 (B9D1) and MKSR2 (B9D2) proteins, also tagged with the V5 epitope and expressed transiently, showed the same localization to basal bodies in ciliated IMCD3 cells (Fig. 2A , middle and bottom panels, respectively), and to centrosomes in non-ciliated IMCD3 cells (supplementary material Fig. S1 ). The localization to centrosomes in non-ciliated cells is consistent with the proposed pre-ciliogenic function(s) of MKS1 in centriolar migration (Dawe et al., 2007) , and the recent differential localization of the murine stumpy protein (MKSR2) to basal bodies or cilia . Interestingly, in contrast to the transiently transfected IMCD3 cells, versions of all three GFP-tagged B9 proteins produced from stably transfected IMCD3 cells localized to the ciliary axonemes (Fig. 2B) . These results suggest, along with the findings of Town et al. , that the B9 proteins can localize differentially to the basal body alone or to the ciliary axoneme.
To investigate whether the colocalization of the three B9-domaincontaining proteins at basal bodies or cilia is evolutionarily conserved, and to initiate a functional analysis of the three proteins in a genetically tractable system, we generated transgenic C. elegans strains harboring GFP-tagged versions of the respective protein orthologues. The three expression constructs included the endogenous promoter for each gene (encompassing the X-box regulatory element), as well as the entire coding region fused in-frame to GFP at the Cterminus (see supplementary material Fig. S2A for the gene structures). Similar to our previous findings using promoter-GFP (transcriptional) fusion constructs (Efimenko et al., 2005; , the three mks/mksr transgenes were expressed specifically in most, if not all ciliated cells, including the amphid and phasmid sensory neurons. More notable, however, was that the three GFPtagged proteins (MKS-1, MKSR-1 and MKSR-2) localized specifically to transition zones at the base of cilia (Fig. 2C ), which are akin to the basal bodies of other species (Perkins et al., 1986) . For each amphid bundle, we were able to observe up to ~12 transition zones as fluorescent 'spots' near the head of the animal; for the phasmid sensory neurons situated near the tail, two pairs of transition zones could be seen (individual pairs are shown in Fig. 2C ). This localization pattern is equivalent to that observed for the mammalian orthologues (supplementary material Fig. S1 ) except that the latter proteins could also associate with the ciliary axonemes ( Fig. 2B ) . Of note, our findings confirm the localization of the C. elegans proteins recently reported by Williams et al. (Williams et al., 2008) ; furthermore, the C. elegans NPHP-1 and NPHP-4 proteins, whose respective genes interact with the mks/mksr genes, also localize specifically to transition zones (Jauregui et al., 2005; Winkelbauer et al., 2005; Williams et al., 2008) .
Together, our findings establish that all B9-domain-containing proteins associate with, and presumably function at, basal bodies in two highly divergent species (humans and nematodes); in humans, ciliary localization is also observed, suggesting two potentially distinct regions of localization and thus, function. These data, combined with our phylogenetic analysis revealing an essentially strict co-occurrence of the three proteins in ciliated organisms and absence from non-ciliated species ( Fig. 1A ; supplementary material Table S1 ), raise the distinct possibility that all MKS-1, MKSR-1 and MKSR-2 proteins share a common ciliary function at the base of the organelle and within the cilium itself.
Interdependent localization of MKS-1, MKSR-1 and MKSR-2 to basal bodies
On the basis that all three C. elegans B9-domain-containing proteins can be observed at transition zones/basal bodies, we hypothesized that the proteins form a functional complex and that their localization might be co-dependent. To test this possibility, we examined the localization of the three individual C. elegans GFP-tagged MKS-1, MKSR-1 and MKSR-2 proteins in each of their two complementary mks/mksr mutant backgrounds.
To perform this study, we first obtained from the National BioResource Project (NBRP, University of Tokyo, Japan) strains with deletions in each of the respective mks-1/xbx-7, mksr-1/tza-2 and mksr-2/tza-1 genes; the three gene models and their lesions, as deduced by RT-PCR analysis of the transcripts, are shown in supplementary material Fig. S2A ,B. In the Y38F2AL.2/mksr-2(tm2452) strain, the mutant allele encodes a protein roughly half the size of the wild type, resulting from a significant truncation (approximately 50 residues) within the B9 domain. In the case of the xbx-7/mks-1(tm2705) mutant strain, the deletion results in the splicing of exon 2 with exon 5, ultimately generating a protein lacking approximately 70 residues in the N-terminal region, but does not abrogate any of the B9 domain. Finally, in the K03E6.4/mksr-1(tm3083) strain, mis-splicing results in the inclusion of nucleotides 1032-1057 into the transcript, which then fuse in-frame to nucleotide 1276 of exon 3 (at the start of the 3Ј flanking sequence of the deletion). The predicted MKSR-1 protein encoded by this allele is one amino acid larger than the wild type, and possesses a distinct 18 amino acid alteration to the B9 domain (the sequences of which are shown in supplementary material Fig.  S2B ). Although the possibility exists that all three deletion mutants (tm2452, tm2705, tm3083) are hypomorphs rather than null mutants, in two cases (mksr-1 and mksr-2) the B9 domain is disrupted, and we confirm below that all alleles are associated with observable protein mislocalization and/or lifespan and signaling phenotypes.
By carrying out standard genetic crosses, we generated strains carrying all six possible combinations of MKS-1, MKSR-1 and MKSR-2 GFP-tagged proteins present in the two complementary mks/mksr gene mutant backgrounds. Visualization of the MKSR-1::GFP and MKSR-2::GFP proteins in the mks-1 mutant background revealed no significant change in localization to the transition zones compared with that of the wild-type strain, and no unusual or prominent accumulations along the dendrites (Fig. 3C,E) . By contrast, the MKSR-1::GFP protein showed consistently reduced or unclear localization to transition zones in the amphid (head) and phasmid (tail) neurons of mksr-2 mutant animals, and pronounced accumulations in the dendrites (Fig. 3D) . Similarly, MKSR-2::GFP showed reduced and less distinct signals at the transition zones of mksr-1 mutants (compared with wild-type animals), although in many cases the protein could be observed at or near the transition zones and thus is likely to be only partly mislocalized (Fig. 3F) . The GFP-tagged MKS-1 protein was similarly mislocalized in the mksr-1 and mksr-2 mutants (Fig. 3A,B) ; specifically, the protein was less apparent at the transition zones and was found consistently along the dendrites in a manner never observed for any of the MKS-1, MKSR-1 and MKSR-2 proteins in wild-type animals (compare Fig. 3A ,B with Fig. 2C ). All analyses were performed at least three times using >50 worms/strain and blind to the genotype and the identity of the GFP-tagged protein.
Our data are comparable, but not identical, to those recently reported by Williams et al. (Williams et al., 2008) . Unlike the previous study, which used the ok2092 allele of mksr-1, we were able to observe at least partial mislocalization of MKSR-2 in the mksr-1(tm3083) strain. Taken together, these data further demonstrate that the proper localization of the MKS-1, MKSR-1 and MKSR-2 proteins to transition zones in C. elegans is codependent, suggesting that they interact directly as a heterooligomeric complex or indirectly as part of a larger, functional multisubunit complex.
The C. elegans MKS-1, MKSR-1 and MKSR-2 proteins are not essential for transition-zone positioning, cilium formation or IFT function
To date, the majority (but not all) of C. elegans genes regulated by the X-box-binding DAF-19 transcription factor encode ciliogenic proteins, meaning that their disruption causes cilia structure defects; these include Bardet-Biedl syndrome genes (bbs-1, bbs-7 and bbs-8), and genes encoding core intraflagellar transport (IFT) components (e.g. che-2, osm-5, osm-6 and che-11) , that are collectively required for proper ciliogenesis in nematodes (Ansley et al., 2003; Swoboda et al., 2000) . Because the three C. elegans mks/mksr genes are X-box regulated (supplementary material Fig. S2A ) Efimenko et al., 2005) , and MKS1 was first shown to be required for ciliogenesis in mammalian cells (Dawe et al., 2006) , we hypothesized that all of the B9 proteins might be required for cilium formation in C. elegans, and perhaps more specifically, regulation of the IFT process. To investigate these possibilities, we first tested each of the mks-1, mksr-1 and mksr-2 single mutants for an inability to take up a fluorescent dye, a dye-filling (Dyf) phenotype that is observed in all bbs and IFT gene mutants . None of the mutant strains displayed a Dyf phenotype ( Fig. 4A; supplementary material Fig. S3A ), suggesting that all possess full-length, environmentally exposed cilia. To examine the structure of the amphid and phasmid cilia in the mutants directly, we introduced into these strains several GFP-tagged ciliary markers (the anterograde IFT motor components OSM-3-kinesin and the kinesin-associated protein KAP-1, the IFT protein CHE-2/IFT80 and the dynein light chain component XBX-2 which is essential for driving retrograde IFT). Consistent with the results of the Dyf assays, each of the ciliary proteins localize correctly to the transition zones and cilia, with no overt accumulations seen in dendrites leading to the transition zones or within the cilia; taken together, the data provide strong evidence that the relative positions of the transition zones, and the ciliary structures, are not different from those of wild-type animals ( Fig. 4B shows the CHE-2::GFP results; data for OSM-3-kinesin, KAP-1 and XBX-2 are presented in supplementary material Fig. S4A ). In addition, all GFP-tagged proteins appeared Journal of Cell Science 122 (5) The mks/mksr single, double and triple mutants display normal filling of amphid and phasmid neurons with the fluorescent dye diI, indicating that the cilium structure is probably intact and that the ciliary endings are properly exposed to the external environment; representative images for N2 (wild-type), bbs-8 mutant (dye-filling defective), mks-1;mksr-1;mksr-2 (triple) mutant, and mks-1;mksr-1;mksr-2;bbs-8 quadruple mutant animals are shown. Filled and hollow arrowheads indicate amphid and phasmid neurons that took up dye, respectively. (B) The GFP-tagged CHE-2 (IFT80) intraflagellar transport protein localizes normally to the transition zones (TZ; arrowhead in each panel) and ciliary axonemes (labeled cilia) in both the head and tail sensory neurons of N2 (wildtype), and mks/mksr single, double and triple mutants, as indicated. All panels are oriented with the head up and tail down. Scale bar: 5 μm. (C) The single, double and triple mks/mksr mutants exhibit normal intraflagellar transport. Kymographs of N2 and mutants (mks-1;mksr-1;mksr-2 triple mutant and mks-1;mksr-1;mksr-2;bbs-8 quadruple mutant) are shown for the ciliary middle segment (MS) and distal segment (DS) in the amphid (head) cilia using CHE-2::GFP in intraflagellar transport assays. For each strain, fluorescent images of phasmid cilia and the corresponding kymographs (actual kymographs and schematics/traces of particle movement) for the MS and DS are shown; in the first fluorescent image, the transition zones (TZ) as well as MS and DS are labeled. The table shows the measurement of CHE-2::GFP rates (in μm/second) in the MS and DS for the indicated strains. n, number of IFT particles measured. Note that the rates of CHE-2::GFP movement in the mks/mksr mutants do not deviate statistically from N2; in the bbs-8 background, CHE-2::GFP moves at the fast unitary rate of OSM-3 kinesin in both the MS and DS . The asterisks in the image indicate CHE-2::GFP accumulations normally observed in the bbs-8 mutant background (Blacque et al., 2004) to display normal IFT; this was confirmed by observing, using time-lapse microscopy, the expected (wild-type) rates of movement of CHE-2::GFP in the middle (~0.7 μm/second) and distal (~1.2 μm/second) segments of the cilia in the single mks/mksr mutant animals ( Fig. 4C ) (reviewed by Blacque et al., 2008; Inglis et al., 2007; Scholey, 2008) . These data are similarly supported using the OSM-3, KAP-1, and XBX-2 markers (supplementary material Fig. S4B) .
The presence of a common B9 protein domain in the three proteins raises the possibility that their functions might be at least partially redundant, where one or more mks/mksr genes may mask the effect of a disruption in another (mutated) mks/mksr gene. To address this possibility, we generated all possible double mutant combinations, as well as the triple mutant. Similar to our observations for each individual mutant, the double and triple mks/mksr mutant strains had no observable defects in dye-filling (supplementary material Fig. 3A ; the representative triple mutant strain is shown in Fig. 4A ), or in transition zone positioning, ciliary structure or IFT, as deduced from observing GFP-tagged CHE-2 and XBX-2 protein localization and transport behavior in live animals ( Fig. 4B,C ; supplementary material Fig. S4) .
Because of the apparent phenotypic and genotypic overlap between the Bardet-Biedl and Meckel syndromes (KarmousBenailly et al., 2005; Leitch et al., 2008) , we sought to test for a possible genetic interaction between the three mks/mksr genes and a bbs gene. We therefore generated a quadruple mutant (triple mks/mksr mutant in a bbs-8 mutant genetic background) harboring a CHE-2::GFP protein ciliary (IFT) marker and looked for cilia structure and IFT defects. We found that the ciliary structures of the quadruple mutant, based on the CHE-2::GFP marker, were indistinguishable from those of the bbs-8 mutant alone, with nearly full-length cilia and accumulations at the middle or distal segment midpoint and at the tip of the truncated cilia (Fig. 4C) (Blacque et al., 2004) . By itself, the bbs-8 mutation has the effect of separating the IFT machinery into two independently moving subassemblies consisting of kinesin-II-IFT subcomplex A and OSM-3-kinesin-IFT subcomplex B Ou et al., 2007) . In the mks-1;mksr-1;mksr-2;bbs-8 quadruple mutant strain, the localization and behavior of CHE-2::GFP was indistinguishable from that of the bbs-8 mutant, wherein it was transported along the length of the proximal and (partially truncated) distal segments at the fast unitary rate of OSM-3-kinesin (~1.2 μm/second) (Fig. 4C) .
Recently, Jauregui et al. (Jauregui et al., 2008) demonstrated that abrogation of the transition zone-specific protein NPHP-4 results in relatively subtle yet significant changes to the microtubule architecture of ciliary axonemes. We therefore sought to determine whether similar ultrastructural changes were present in a representative (mks-1;mksr-1) double mutant, which we demonstrate (below) has a lifespan/signaling defect. Consistent with the results of our GFP-based analyses of amphid cilia, transmission electron microscopy (TEM) observation of cross-sections through the heads of the mks-1;mksr-1 mutants revealed no significant differences in the axonemal structures of amphid cilia compared with wild-type worms (supplementary material Fig. S5) . Specifically, the double mutant exhibited well-formed transition zones, intact doublet microtubules in the middle segments, and intact singlet microtubules in the distal segments.
By contrast, we observed that disruption of the mammalian MKSR1/B9D1 and MKSR2/B9D2 genes by RNAi in IMCD3 cells caused ciliogenesis defects, namely a smaller proportion of ciliated cells compared with the control cells (Fig. 4D) . These results are similar to those observed for the knockdown of the MKS1 gene (Dawe et al., 2007) . Hence, it appears that in C. elegans, disruption of mks/mksr genes is less detrimental to cilium formation until a 'second-hit' mutation in nphp-4 or nphp-1 occurs, where transition zone/basal body and ciliogenesis defects become apparent (Williams et al., 2008) .
Altogether, our data indicate that in contrast to the mammalian B9-domain-containing proteins, the C. elegans counterparts are unlikely to be directly implicated in the positioning of transition zones/basal bodies, or the biogenesis of sensory cilia, or have an essential role in intraflagellar transport. This raises the possibility that the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins participate in other aspect(s) of basal body and/or cilia function that relate not to the building of, but rather, the sensory/signaling roles of the ciliary organelle. (Winkelbauer et al., 2005) but shorter than that of the long-lived strain with a defect in the CHE-11 intraflagellar transport protein. All graphs show representative experiments, and the tables present mean lifespans ± s.e. Experiments were repeated at least twice and the results were found to be reproducible. *P<0.0001 compared with the wild type.
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The C. elegans mks/mksr genes control lifespan via the insulin signaling pathway
To investigate the possibility that the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins have roles in the sensory functions of cilia, we first tested the three single mks/mksr mutant strains for defects in their ability to sense and move towards a volatile attractant (isoamyl alcohol) using an established chemotaxis assay. Although bbs and IFT mutant animals show clear sensory phenotypes in these assays (Blacque et al., 2004; Inglis et al., 2007; Perkins et al., 1986) , no significant differences were observed between wild-type (N2) animals and the single mks/mksr gene mutants (Fig. 4E, light gray  bars) . Similarly, we assayed for the ability of the mks/mksr mutant animals to recognize and avoid a solution of high osmolarity (8 M glycerol). In this assay, where bbs and IFT gene mutants show osmoavoidance defects Perkins et al., 1986 ) (our unpublished data), the mks/mksr mutant strains exhibited wildtype osmoavoidance (Fig. 4E, dark gray bars) . Given the possibility of functional overlap between the mks/mksr genes, we also tested combinations of the double and triple mks/mksr mutant animals; no defects in chemotaxis or osmoavoidance were observed (Fig.  4E) . Likewise, another assay that can reveal cilia function defects in the nematode -Nile Red staining to determine lipid content Mak et al., 2006) -revealed no differences between control animals and the mks-1, mksr-2 and mks-1;mksr-2 mutants (supplementary material Fig. S3B ).
These data are reminiscent of other C. elegans transition zone/basal body proteins whose deletion does not overtly or severely affect cilium formation or IFT, but might instead still be required for specific sensory and/or signaling capacities of cilia. Two examples are the homologues of the nephronophthisisassociated NPHP-1 and NPHP-4 proteins. Their disruption causes subtle ciliary structure anomalies, as well as male mating defects and an increased lifespan phenotype, the latter two often being associated with cilia dysfunction (Jauregui et al., 2005; Winkelbauer et al., 2005; Wolf et al., 2005) . Similarly, disruption of IFTA-2, a protein associated with the IFT machinery, does not appear to result in cilia structure or IFT defects but causes an increased lifespan phenotype (Schafer et al., 2006) .
We therefore tested all single and double mks/mksr mutants, as well as the triple mutant, in ageing assays. None of the single or triple mutants display alterations to lifespan compared with wildtype animals (Fig. 5A,B) . By contrast, all three double mutant combinations (mks-1;mksr-1, mks-1;mksr-2 and mksr-1;mksr-2) displayed statistically significant increases in lifespan when compared with the single or triple mutants, or wild-type animals (Fig. 5B) . Interestingly, the lifespan increases seen in the mks/mksr double mutants were comparable to those of the ifta-2 (data not shown) (see Schafer et al., 2006) and nphp-1 or nphp-4 (Fig. 5C ) (see also Winkelbauer et al., 2005) ciliary mutants, but were not as pronounced as those exhibited by some IFT gene mutants, such as che-11 (Fig. 5C ) (see also Apfeld and Kenyon, 1999) . Thus, our genetic and functional analyses of the mks/mksr genes suggest that, similarly to the nephrocystin proteins NPHP-1 and NPHP-4, which localize to the transition zones at the base of cilia, the MKS-1, MKSR-1 and MKSR-2 proteins perform function(s) relevant to longevity control, suggesting a role in cilia-associated signaling.
To support this hypothesis, we next tested for an epistatic interaction between a representative double mutant (mksr-1;mksr-2) and daf-2(e1370). The daf-2 gene encodes the lone receptor responsible for the well-established insulin-IGF-I signaling pathway that regulates longevity in C. elegans (Kenyon et al., 1993; Kimura et al., 1997 ). Lifespan assays demonstrate that the mksr-1;mksr-2;daf-2 triple mutant exhibits the same longevity as that of the extremely long-lived daf-2 mutant (Fig. 6A) , implying that the B9 proteins function upstream of DAF-2 in the insulin-signaling pathway. To confirm this result, we tested the epistatic relationships between all three mks/mksr double mutants and daf-16(mu86), the gene encoding the FOXO transcription factor required for downstream DAF-2-insulin-IGF-I-receptor-mediated signaling (Ogg et al., 1997) . All mks/mksr double gene mutants, when combined by genetic crossing with the daf-16 mutation, displayed lifespans that were shorter than the mks/mksr double mutants and were indistinguishable from that of the short-lived daf-16 mutant (Fig. 6B) . These data support the notion that the B9 proteins function upstream of DAF-16 in the insulin-IGF-I signaling pathway. Consistent with the above observations, we observed a direct effect of disrupting the B9 proteins and the activity of the DAF-16 protein. Within a population of worms at 20°C, DAF-16 is usually phosphorylated in response to DAF-2 signaling, which leads to its nearly complete exclusion from the nucleus; however, in long-lived mutants such as daf-2(e1370) or cilia mutants such as osm-5, the proportion of animals showing nuclear localization increases significantly as a result of inhibited daf-2 signaling (reviewed by Mukhopadhyay et al., 2006) . We observed that GFP-tagged DAF-16 in control animals normally shows ~0.8% localization to the nucleus, which is similar to that of the mks-1 and mksr-1 single mutant animals, which have a normal lifespan (Fig. 6C) . By contrast, the mks-1;mksr-1, mks-1;mksr-2 and mksr-1;mksr-2 double mutants all displayed a statistically significant increase in GFP-tagged DAF-16 nuclear localization (4-4.8%), and a corresponding decrease in cytosolic localization, as expected from their increased lifespan phenotypes (Fig. 6C ). In conclusion, our findings strongly support the notion that the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins functionally interact at the base of cilia to support a process that is required upstream of the DAF-2/DAF-16 insulin-IGF-I signaling pathway to specify longevity.
Discussion
A wealth of genomic, transcriptomic and proteomic data have identified numerous basal body and ciliary proteins, several of which are implicated in ciliopathies (Gherman et al., 2006; Inglis et al., 2006; Keller et al., 2005) . In this study, we report that B9-domaincontaining proteins uncovered in some of these studies belong to three separate phylogenetic clades -MKS-1, MKSR-1 and MKSR-2 -that are found exclusively in ciliated species. The three human proteins and C. elegans orthologues localize to basal bodies/ transition zones, and, in the case of the mammalian proteins, to the ciliary axoneme as well. We further demonstrate that the C. elegans proteins function cooperatively at the base of cilia to support the proper function of the insulin-IGF-I signal transduction pathway required for the specification of lifespan.
Evolutionary conservation of B9-domain-containing proteins in ciliated organisms
The potential significance of the B9 protein domain was highlighted recently when one of the first two genes linked to Meckel syndrome MKS1 was identified by Kyttälä et al. (Kyttälä et al., 2006) . The 559-residue human MKS1 protein lacks known protein motif(s) or other recognizable features, but harbors an approximately 115-residue B9 protein domain of unknown function (Fig. 1B) . We identified in nearly all ciliated organisms, two more members of the MKS1/B9 protein family, which we name MKS1-related proteins 1 and 2 (MKSR-1 and MKSR-2). The mutual presence of three B9-domain-containing proteins in ciliated organisms, and complete absence from organisms devoid of cilia ( Fig. 1A ; supplementary material Table S1 ), suggests that these proteins perform common cilia-associated function(s). It is notable that the MKS-1, MKSR-1 and MKSR-2 proteins are absent from at least three groups of organisms that possess cilia (the moss Physcomitrella patens, the Diplomonad Giardia lamblia and the Apicomplexan Plasmodium falciparum). Interestingly, G. lamblia has a much reduced complement of Bardet-Biedl syndrome proteins compared with most ciliated organisms, and P. falciparum lacks IFT and BBS proteins altogether. These observations suggest that at least in some organisms, the MKS-1, MKSR-1 and MKSR-2 proteins, similarly to the BBS proteins, are not absolutely required to build motile or non-motile cilia. In addition, MKS-1, MKSR-1 and MKSR-2 proteins might have more specific roles relating to the sensory and/or signaling functions of cilia.
MKS1, MKSR1 and MKSR2 are associated with basal bodies and cilia Human MKS1 was previously found to localize to basal bodies (Dawe et al., 2007) , as with the Chlamydomonas orthologue POC12 (Proteome of Centriole protein 12) (Keller et al., 2005) . We have confirmed the basal body or centrosomal localization of a transiently expressed, V5-epitope-tagged version of MKS1 ( Fig. 2A;  supplementary material Fig. S1 ), and further showed the same subcellular localization for the other two human B9 domaincontaining proteins ( Fig. 2A; supplementary material Fig. S1 ). In addition, we found that GFP-tagged variants of all B9-domaincontaining proteins localized, in stably transfected cells, to the ciliary axoneme (Fig. 2B ). This dual-localization pattern (basal body and cilia) is comparable to that of the mouse protein stumpy (MKSR-2) Breunig et al., 2008) . Importantly, we confirmed that the localization of the MKS-1, MKSR-1 and MKSR-2 proteins to basal bodies is evolutionarily conserved by observing -as recently reported by Williams et al. (Williams et al., 2008) that the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins reside at ciliary transition zones (Fig. 2C) , which are akin to basal bodies (Perkins et al., 1986) . The MKS-1, MKSR-1 and MKSR-2 protein family therefore joins an increasing number of ciliopathy-associated proteins that concentrate at the base of cilia or to the ciliary axoneme, including among others the Meckel syndrome, Joubert syndrome or nephrocystin proteins, RPGRIP1L, CEP290/NPHP6, NPHP1 and NPHP4.
Function of the MKS-1, MKSR-1 and MKSR-2 proteins in ciliogenesis and cilium-associated signaling
The notion that MKS1 is implicated in cilia function received strong support from a recent study by Dawe et al. (Dawe et al., 2007) , which demonstrated that knockdown of mammalian MKS1, similarly to the disruption of MKS3, is associated with basal body positioning and thus ciliogenesis defects. The reason for the basal body position phenotype remains unclear, but the downstream effects on renal tubule formation were pronounced. Similarly, very little is known about the functions of the other two B9-domaincontaining proteins, MKSR1 and MKSR2. Ponsard et al. (Ponsard et al., 2007) showed that knockdown of ICIS-1 (orthologue of C. elegans mksr-2) by RNAi in Paramecium tetraurelia results in defects in cilia stability or formation. Another recent study demonstrated that stumpy (MKSR-2) is required for the proper biogenesis or morphology of cilia in a mouse knockout model , and is essential for a Shh-based signaling pathway in neural stem cells . Finally, the Yoder laboratory (Williams et al., 2008) reported genetic interactions between the B9-domain genes and the nphp-4 gene (discussed further below).
Using C. elegans to dissect the relationship between, and functions of, the MKS-1, MKSR-1 and MKSR-2 proteins, we discovered that the proper localization of the proteins was largely co-dependent. Specifically, in mksr-1 mutant animals, the MKS-1 and MKSR-2 proteins did not reproducibly show clear, wild-type localization to the transition zones, and displayed accumulations in the dendrites (Fig. 3A,F) . Similarly, in the mksr-2 mutant strain, the MKS-1 and MKSR-1 proteins were also not tightly associated with the transition zones (Fig. 3B,D) . Nevertheless, some partial localization to, or near, transition zones was often observed, suggesting either that the disrupted genes encode aberrant truncated proteins that retain some function or that the proteins can localize independently, but with lower efficiency. This might be the case for the mks-1 mutant, where we observe essentially wild-type localization of MKSR-1 and MKSR-2 proteins (Fig. 3C,E) . Altogether, these data, which are comparable to those recently reported (Williams et al., 2008) , suggest that the three B9-domaincontaining proteins either interact directly, such that the disruption of one can lead to the mislocalization of the other, or that they are functionally associated via other transition-zone-localized proteins. We favour the first possibility, given that a genome-wide C. elegans study uncovered a yeast two-hybrid interaction between K03E6.4 (MKSR-1) and Y38F2AL.2 (MKSR-2) (Li et al., 2004b) . The interdependent localization of the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins provides evidence of a functional relationship between this family of proteins.
Interestingly, we found that the mks-1, mksr-1 and mksr-2 mutant strains have no obvious defects in transition zone positioning, ciliary structures, intraflagellar transport, chemo-and osmo-sensation or lipid accumulation (Fig. 4A -C,E; supplementary material Figs S3-S5). As the mks/mksr gene functions could be partly redundant, we generated the three double mutant combinations as well as a triple mutant, and tested them for the same ciliary phenotypes; we could not, however, detect any difference from wild-type animals in these assays (Fig. 4A-C,E ; supplementary material Figs S3-S5). It is unclear whether the gene deletion mutants available for these studies represent hypomorphs instead of null mutants, although the conserved B9 domains of the mksr-1(tm3083) and mksr-2(tm2452) gene mutants are disrupted (supplementary material Fig. S2 ) and probably disrupt the function of the proteins. Nevertheless, all mutant alleles give an observable longevity phenotype when combined (see below), and we propose that the simultaneous disruption of the three mks/mksr genes is highly likely to impair their collective function. In light of our data, it seems possible or even likely that unlike in mammalian cells (Dawe et al., 2007; Town et al., 2008) (Fig. 4D) , in C. elegans, the MKS-1, MKSR-1 and MKSR-2 proteins do not perform an essential ciliogenic role (see also Williams et al., 2008) .
However, the possibility remained that the C. elegans mks/mksr genes are specifically implicated in one or more ciliary signaling pathways; we were able to test for this possibility in the absence of potentially confounding major cilia structure defects by analysing the strains for an increased lifespan phenotype that is typical of ciliary gene mutants, including nphp-1, nphp-4, ifta-2, and most core IFT-associated mutants (Apfeld and Kenyon, 1999; Schafer et al., 2006; Winkelbauer et al., 2005) . Although none of the single mks/mksr mutants differed from wild-type animals ( Fig. 5A ), all double mutant combinations (mks-1;mksr-1, mks-1;mksr-2, and mksr-1;mksr-2) displayed statistically significant expansions in lifespan (Fig. 5B) . This is reminiscent of the single nphp-1 or nphp-4 mutants, which show no overt cilia-dependent male mating defects, whereas the nphp-1;nphp-4 double mutant animals possess pronounced mating defects (Jauregui and Barr, 2005) . Also of note, the enhanced lifespan of mks/mksr double mutants was comparable to that observed when the nphp-1 and nphp-4 genes were individually disrupted, but less than when ciliary structures were severely abrogated (e.g. as in a che-11 mutant) (Fig. 5C ).
It is intriguing that lifespan phenotypes are observed in double but not single mks/mksr mutants given that the abrogation of either MKSR-1 or MKSR-2 causes the improper localization of the others (Fig. 3) . However, our data indicate that in most cases, the codependency of localization reflects an effect on the efficiency of localization rather than an essential aspect of correct trafficking (Fig.  3) ; thus, at least partial function might be retained in the incorrectly localized proteins. Nevertheless, it remains perplexing that the mks-1;mksr-1;mksr-2 triple mutant does not exhibit a longevity phenotype. Although it is unclear why abrogation of the third mks/mksr gene restores normal lifespan, it provides further evidence of a functional (genetic) interaction between all three mks/mksr genes, since the triple mutant phenotype is reproducibly distinct from that of the three double mutant phenotypes. It might also indicate a complex regulation -which probably includes NPHP-1 and NPHP-4 proteins (Williams et al., 2008) -of the various ciliary signals modulating lifespan at the transition zone.
Longevity in C. elegans is specifically controlled by ciliadependent sensory inputs and the insulin-IGF-I signaling pathway (Apfeld and Kenyon, 1999) . We show by epistasis analyses, that this is also the case for the MKS-1, MKSR-1 and MKSR-2 proteins, which appear to function upstream of both the insulin-IGF-I receptor DAF-2 and the FOXO transcription factor (DAF-16), which transduces insulin-like signals to regulate lifespan (Fig. 6) . But what are the function(s) of the MKS-1, MKSR-1 and MKSR-2 proteins in this pathway? Given our results, it is possible that components of the insulin-IGF-I signaling cascade might be improperly trafficked in the mks/mksr double mutants; given that the MKS-1, MKSR-1 and MKSR-2 proteins localize at the base of cilia in C. elegans, they might cooperate with other basal body proteins (such as NPHP-1, NPHP-4 or Meckel syndrome-associated RPGRIP1L, for which there is a C. elegans orthologue, C09G5.8) in vesicle or protein trafficking (or docking at the base of cilia) prior to incorporation into cilia (e.g. by intraflagellar transport).
Although the functions of the MKS-1, MKSR-1 and MKSR-2 proteins appear to not be crucial for ciliogenesis in C. elegans (and perhaps other organisms), they are essential for establishing important signaling cascade(s). Such a 'non-essential' function might explain why some ciliated organisms, such as Plasmodium and Giardia, lack the MKS-1, MKSR-1 and MKSR-2 proteins altogether. In other systems, for example mammalian cells, the MKS1, MKSR1 and MKSR2 proteins might carry out similar trafficking or docking roles at basal bodies, but perhaps functional interaction(s) with their cargo or binding partners are absolutely necessary for establishing the positioning of the basal body at the membrane (Dawe et al., 2007) , and thus, ciliogenesis. Once cilia formation has occurred in normal (wild-type) situations, the mammalian MKS1, MKSR1 and MKSR2 proteins might then also be necessary for the targeting or trafficking of ciliary cargo required for the sensory/signaling functions of the primary cilia (e.g. Shh and perhaps other signaling pathways) . In C. elegans, disruption of an MKS-1, MKSR-1 and MKSR-2 protein together with the NPHP-1 or NPHP-4 protein causes essentially the same defects in basal body positioning and ciliogenesis (Williams et al., 2008) , potentially suggesting greater functional redundancy in the nematode ciliary system. This is particularly insightful, given that the NPHP-1 and NPHP-4 proteins appear to be important regulators for the proper localization or function of the IFT/BBS ciliary proteins (Jauregui et al., 2008 ).
MKSR1 and MKSR2 as potential Meckel syndrome gene candidates
Our functional data strongly suggest that, in addition to the six presently known human Meckel syndrome-associated genes, namely MKS1, MKS3, CEP290/NPHP6/MKS4, RPGRIP1L/MKS5, NPHP3 and CC2D2A, the two MKS1-related genes MKSR1 and MKSR2 are excellent Meckel syndrome, Joubert syndrome and Leber congenital amaurosis gene candidates. The genetic locations of MKSR1 (B9D1; 17p11.2) and MKSR2 (B9D2; 19q13.2d) are clearly outside the uncloned MKS2 locus, which has been mapped to chromosome 11q13 by Roume et al. (Roume et al., 1998) ; thus, MKSR1 and MKSR2 might represent additional disease loci.
Understanding the roles of basal bodies and ciliary axonemes in various sensory and signaling processes, and their implications in various ciliopathies, will require the identification and analysis of key, conserved components of the basal body-ciliary organelle. Here, we have uncovered and characterized three B9-domain-containing proteins, MKS-1, MKSR-1 and MKSR-2, as a family of basal body/ciliary components whose functional interactions are required for proper ciliary function/signaling in C. elegans, and are needed for ciliogenesis in mammalian cells. Further analyses of these proteins in C. elegans and other model organisms, as well as exploration of their possible involvement in cilia-associated diseases, will provide important insights into the physiological functions of cilia and the molecular etiologies of ciliopathies such as Meckel syndrome.
Materials and Methods
C. elegans strains and genetic crosses
All strains were maintained and cultured at 20°C. Strains carrying deletions in the C. elegans mks-1/xbx-7, mksr-1/tza-2, mksr-2/tza-1 genes, R148.1(tm2705), K03E6.4(tm3083) and Y38F2AL.2(tm2452) respectively, were obtained from the National Bioresource Project (http://shigen.lab.nig.ac.jp/c.elegans/index.jsp) and outcrossed to wild-type (N2) at least five times. Standard mating procedures were used to introduce GFP-tagged protein constructs into different genetic backgrounds and to make the different combinations of double mutants or the triple mutant. Singleworm PCR reactions were used to genotype the three mks/mksr mutants. The other strains used were bbs-8(nx77), nphp-1(ok500), nphp-4(tm925), che-11(e1810), osm-5(p813), daf-2(e1370), and daf-16(mu86) .
Characterization of the C. elegans mks-1, mksr-1 and mksr-2 alleles N2 and mks/mksr cDNAs were initially isolated by RT-PCR. Briefly, following suspension of worms in Trizol reagent (Invitrogen) and purification with RNeasy (Qiagen), first-strand cDNAs were generated using the Superscript First-Strand Synthesis System for RT-PCR (Invitrogen). PCR amplifications specific to each mks/mksr transcript were then performed to isolate appropriate double-stranded cDNA sequences. PCR products were then incorporated into the pGEM-T Easy Vector (Promega) and sequenced.
Subcellular localization of the human and C. elegans MKS-1, MKSR-1 and MKSR-2 proteins
To assess the localization of the three human B9 proteins using transient expression of V5-tagged proteins, the respective cDNAs (MKS1/BC010061.2, EPPB9/ BC002944.2/MKSR1 and LOC80776/NM_030578.2/MKSR2 (Invitrogen Ultimate ORF clones IOH12254, IOH5726, and IOH4997, respectively) were cloned into the mammalian Gateway pcDNA6.2/c-Lumio vector (Invitrogen), which contains a Cterminal V5 epitope tag. Murine IMCD3 cells were plated on glass coverslips and transfected with both the expression vector and a pUC12-TAG tRNA suppressor (Invitrogen) at 70% confluency using FuGENE6 (Roche). 48 hours after transfection, cells were subjected to immunofluorescence analysis (below). To generate stable IMCD3 cell lines harboring GFP-tagged MKS1, MKSR1/B9D1 and MKSR2/B9D2, cells were transfected with each GFP-fusion construct, split 1:5 after 24 hours and grown 24 hours later in the presence of geneticin (750 μg/ml); cells were kept under selection for 7 days, after which they were split 1:10 and several colonies were picked to produce independent lines. Cells were grown to confluency and maintained for at least 48 hours before immunofluorescence analysis.
For immunofluorescence analysis, cells were fixed in PFA at 4°C for 1 hour, and subsequently fixed in ice-cold methanol at -20°C for 10 minutes. After rinsing with PBS, cells were permeabilized using 0.1% Triton-X (American Bioanalytical) in PBS (10 minutes), washed, and blocked with 5.5% FBS (Gemini) for 1 hour. Cells were stained with primary antibodies at 4°C overnight (rabbit anti-GFP, 1:1000, Invitrogen A11122; mouse anti-γ-tubulin, 1:1000, Sigma T6557; goat anti-acetylated-tubulin, 1:1000, Sigma), washed in PBS, then incubated with secondary antibodies [goat antimouse (A21206) and donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (A11001) or Alexa Fluor 594 (A11005), 1:1000, Invitrogen]. Cells where then incubated with DAPI (1:5000, 500 mg/ml stock) at 25°C for 10 minutes, washed, and mounted with Vectashield. Images were recorded using an epifluorescence microscope at ϫ64 magnification.
For the C. elegans MKS-1, MKSR-1 and MKSR-2 proteins, we generated translational constructs containing the natural promoter of each gene and the entire coding region fused in-frame to EGFP, and generated transgenic lines harboring these constructs as reported previously (Blacque et al., 2004) . The subcellular localization of the GFP-tagged proteins was assessed by fluorescence microscopy in either wildtype (N2) animals or in the indicated mks/mksr mutant backgrounds. Mislocalization phenotypes were assayed blind to the genotype and expressed GFP-tagged MKS-1, MKSR-1 and MKSR-2 protein, on at least 50 different animals for each strain.
Mammalian RNAi
Mouse IMCD3 cells were grown in a 10 cm dish and co-transfected with short-hairpin constructs for either murine MKSR1/B9D1 or MKSR2/B9D2, and GFP as a transfection control using Fugene6 (Invitrogen) as directed. After 48-72 hours, the cells were fixed in paraformaldehyde and co-stained with anti-acetylated tubulin and anti-GFP. The cells expressing GFP, which coexpressed the short-hairpins, were then scored for the percentage of cilia in comparison with cells expressing GFP alone. The MKSR1/B9D1 short-hairpin construct was purchased from Open BioSystems. The target sequence for the RNAi Consortium (TRC), TRC-Mm1.0 (Mouse) is not published. The B9D1 short-hairpin construct is expressed from the p.KLO.1 vector and has the following TRC ID: TRCN0000198329. The target sequence for MKRSR2/B9D2 used in the pSuper-Basic vector (Oligoengine Cat. No. VEC-PBS-0001/0002) is: GAACAGTTGGCACGGGCTT. The primers designed for cloning of the short-hairpin into pSuper.basic are: 5Ј-GATCCCCGAACAGTTGG -CACGGGCTTTTCAAGAGAAAGCCCGTGCCAACTGTTCTTTTTA-3Ј and 3Ј-GGGCTTGTCAACCGTGCCCGAAAAGTTCTCTTTCGGGCACGGTTGACAA -GAAAAATTCGA-5Ј.
Phenotypic assays for ciliary structure, chemosensation and lipid content
Chemotaxis assays using isoamyl alcohol as an attractant were performed as described . Osmoavoidance assays were performed essentially as described (Culotti and Russell, 1978 ) using a ring of 8 M glycerol as the source of high osmolarity. The filling of environmentally exposed ciliated sensory neurons with DiI was assessed as described in Blacque et al. (Blacque et al., 2004) . Lipid content measurements were performed essentially as described using Nile Red (Mak et al., 2006) . Experiments were done blind to the genotype and repeated at least three times.
Lifespan assays
Lifespan assays were similar to that described (Apfeld and Kenyon, 1999) . Animals were grown for one generation at 20°C before eggs were collected by treatment with sodium hypochlorite. At the L4 molt, worms were transferred to NGM plates containing 16 μm FUDR to prevent progeny growth and kept at 20°C for the duration of the assay. 100 worms were picked for each of the indicated strains, with 10 worms on each plate. Plates were scored every 1-2 days for live or dead worms. Individual animals were considered dead when they no longer responded to harsh touch (prodding with platinum wire). Worms that exploded or crawled off the plate were censored. All assays were performed at least twice with consistent results.
DAF-16 nuclear localization analyses
DAF-16 localization assays were performed essentially as described (Schafer et al., 2006) . Briefly, the various mks/mksr single or double mutant strains were crossed into the integrated DAF-16::GFP strain {TJ356; N2(zIs356)[DAF-16::GFP+pRF4(rol-6)]}. To observe the localization, healthy, well-fed worms grown at 20°C were mounted on an agar pad containing 20 mM sodium azide and quantified immediately. To quantify localization, DAF-16::GFP was determined to be either nuclear, intermediate or cytosolic as reported (Oh et al., 2005) . Control animals (TJ356 strain) were assayed in parallel. For each strain analyzed, at least 200 worms were assayed in triplicate.
Intraflagellar transport assays
Transgenic animals harboring GFP-tagged proteins were mounted on 1% agarose pads and immobilized with 100 mM levamisole. Amphid and phasmid cilia were examined with a 100ϫ 1.35 NA objective and an ORCA AG CCD camera mounted on an Zeiss Axioskop 2 mot plus microscope, with time-lapse images being acquired at 300-500 mseconds/frame, depending on the specific marker used. Images and movies were obtained in Openlab version 5.02 (Improvision). Kymographs were generated using the MultipleKymograph ImageJ plug-in (http://www.embl-
